Cadherins are a superfamily of adhesion molecules that mediate Ca 2+ -dependent cell-cell adhesion. T-cadherin (T-cad), a unique glycosylphosphatidylinositol-anchored member of the cadherin superfamily, was initially identified by immunoblotting of vascular cell membranes as an atypical low affinity low density lipoprotein (LDL)-binding protein. It is not known whether this heterophilic interaction is physiologically relevant. Expression of T-cadherin is upregulated in vascular cells during atherosclerosis, restenosis and tumour angiogenesis, conditions characterized by enhanced cell migration and growth. Elevated levels of serum low density lipoproteins (LDL), which result in cholesterol accumulation in vascular wall, is a widely accepted risk factor in atherosclerosis development. Additionally to its metabolic effects, LDL can produce hormone-like effects in a number of cell types. This study has utilized HEK293 cells and L929 cells stably transfected with T-cadherin cDNA to investigate T-caddependent responses to LDL. Stable expression of T-cad in both HEK293 and L929 cells results in significantly ( p < 0.05) elevated specific surface binding of [I 125 ]-LDL. Compared with mock-transfectants, cells expressing T-cad exhibit significantly ( p < 0.01) enhanced LDL-induced mobilization of intracellular Ca 2+ -stores and a significantly ( p < 0.01) increased migration toward an LDL gradient (0.1% BSA + 60 µg/ml LDL) in Boyden chamber migration assay. Thus LDL-binding to T-cad is capable of activating physiologically relevant intracellular signaling and functional responses. (Mol Cell Biochem 273: 33-41, 2005) 
Introduction
Cadherins are a superfamily of adhesion molecules that mediate Ca 2+ -dependent cell-cell adhesion and participate in the establishment of cell polarity, cell sorting and morphogenesis during embryonic development and in the adult or-possessing the general extracellular domain structure of the classical cadherins, it lacks the transmembrane and cytoplasmic parts and is bound to the plasma membrane via a glycosylphosphatidylinositol (GPI) anchor [4, 5] . T-cad can induce weak homophilic cell-cell adhesion between transfected cells [4] but is unlikely to participate in formation of stable adhesive cell-cell contacts because it does not link to the cytoskeleton.
T-cad was originally cloned from chick embryo brain, where it is expressed in a spatio-temporally restricted pattern. Somatic motor neurons of the chick spinal cord select their pathways as they grow towards their muscle targets avoiding particular regions with cells expressing T-cadherin [6] . Neurite outgrowth is inhibited in neurons cultured on substratum containing T-cad, suggesting that T-cad acts as a negative guidance cue for neurons in the developing nervous system [7] . T-cad is highly expressed in resident cardiovascular tissue endothelial cells (EC), vascular smooth muscle cells (VSMC), pericytes and cardiomyocytes [8] . A T-cad substratum inhibits adhesion and spreading of VSMC and human umbilical vein endothelial cells (HUVEC) [9] , suggesting that T-cad might also function as a guidance molecule during vascular development and remodeling as it functions in the nervous system during neurite outgrowth [6, 7] .
Additional functions for T-cad in control of vascular cell proliferation and migration have been proposed. T-cad expression is upregulated in vivo in some pathological conditions such as restenosis after balloon angioplasty [10] , tumor angiogenesis [11, 12] and atherosclerosis [8] which are associated with abnormal migration, growth and phenotypic modulation of vascular cells. In vitro T-cad was recently found to be dynamically regulated during the cell cycle in VSMC and HUVEC, and overexpression led to an increased proliferation potential [13] . HUVEC overexpressing T-cad were also shown to display an increased capacity for migration potential that was dependent upon homophilic (i.e. T-cad-T-cad) interactions [9] .
Using ligand blotting techniques we initially identified T-cadherin in plasma membrane preparations of VSMC as an LDL-binding protein with properties different from all known lipoprotein receptors [14] [15] [16] . The physiological consequences of this interaction are not known. However, elevated serum LDLs play an important role in atherosclerosis development not only by promoting cholesterol accumulation in vascular wall, but also by participating in pro-inflammatory responses such as cell adhesion, migration and proliferation [17, 18] . In this study we examine the hypothesis that binding of LDL to T-cad is able to induce physiologically relevant cellular responses. HEK293 and L929 cells stably transfected with human T-cad cDNA served as a useful experimental model since constitutive expression T-cad in these cells is absent.
Materials and methods

Chemicals
Electrophoresis reagents were obtained from Bio-Rad Laboratories (Hercules, USA). Trypsin and cell culture reagents were from Gibco (Life Technologies, Switzerland). Buffers and other chemicals were purchased from Sigma (St. Louis, MO, USA).
Cell culture and transfection
Human embryonic kidney cells (HEK293) expressing GPIanchored human T-cad were obtained by clonal selection after stable transfection with the expression vector pcDNA 3.1 (Invitrogen, San Diego, USA) [19] using Lipofectamine 2000 reagent (Invitrogen). For control experiments we used cells stably transfected with pcDNA 3.1 vector encoding GFP protein (clone HEK/GFP). Clones were selected by incubation in DMEM/10% FBS containing 200 µg/ml Geniticin (Invitrogen). L929 cells were transfected with T-cad (vector pcDNA 3.1) using Lipofectamin 2000 reagent. Luciferase cDNA fragment in antisense orientation was cloned into the pcDNA 3.1 vector and used as a control [19] . Clones were selected by incubation in DMEM/10% FBS containing 200 µg/ml Geniticin (Invitrogen). T-cad expression in control transfectants (mocks) and T-cad transfectants (T-cad+) was examined using Western blotting. For the experiments described herein, cultures were maintained (unless otherwise specified) in DMEM containing 100 U/ml penicillin, 100 U/ml streptomycin and 10% fetal bovine serum (DMEM/FBS) at 37
• C and 5% CO 2 .
Western blotting
The cell monolayer was cooled to 4
• C, scraped into a lysis buffer containing 1% Triton X-100, 20 mM HEPES (pH 7.5), 150 mM NaCl, 1 mM MgCl 2 , 1 mM CaCl 2 and protease inhibitor cocktail (PIERCE) and centrifuged at 16,000 g for 10 min at 4
• C. DNA in the clarified lysate was disrupted using a syringe and G21 needle and then protein concentration was determined using the Bio-Rad Protein Assay (Bio-Rad Laboratories) with BSA as a standard. Samples were diluted to equivalent protein concentrations in Laemmli buffer containing β-mercaptoethanol, heated for 5 min at 99
• C, electrophoresed on SDS/polyacrylamide (7.5%) gel and electroblotted onto nitrocellulose membranes (Immobilon, Millipore). Kaleidoscope Prestained Standards (Bio-Rad Laboratories) were used as molecular weight markers. After rinsing in Tris-buffer saline (TBS: 150 mM NaCl, 50 mM Tris/HCl, pH 7.4) membranes were pre-blocked for 30 min in incubation buffer (TBS containing 5% (w/v) of delipidated milk and 0.5% Tween 20; TBSM). Membranes were incubated for 1 h with primary rabbit polyclonal antibody against human T-cad [16] , washed with TBSM, and then incubated for 1 h with secondary antibodies conjugated with horseradish peroxidase (Immune Jackson Research). Membanes were finally washed in TBS containing 0.5% Tween 20 and visualization of the antigen was performed using ECL TM Western Blotting Detection Reagents (Amersham Bioscience) and a CL-Xposure TM Film (Amersham Bioscience).
Purification and Iodination of LDL
LDL (density 1.019-1.063 g/ml) was isolated from the plasma of healthy male humans using sequential buoyant density centrifugation techniques with use of sodium bromide for density adjustments. LDL was exhaustively dialyzed against 0.15 M NaCl before Lowry determination of the protein concentration. LDL was sterile-filtered, stored at 4
• C and used within 3 weeks after isolation. LDL preparations contained only apo B-100 protein and were free of protein fragments known to be generated during LDL oxidation [20] . LDL was iodinated (specific activity 200-400 cpm/ng) using the iodine monochloride method [21] .
[
I]-lipoprotein-binding
Binding of [ 125 I]-LDL was studied in HEK and L929 cells (70-80% confluency) essentially as described previously [20] . Cells were rinsed well with binding buffer (serum-free DMEM medium containing 0.1% BSA; DMEM/BSA) and all subsequent washing and incubation procedures were conducted at 4
• C. Parallel series of dishes with cells were incubated for 4 h in DMEM/BSA containing 0 µg/ml, 5 µg/ml, 10 µg/ml, 25 µg/ml, 50 µg/ml, 75 µg/ml, 100 µg/ml of [ 125 I]-LDL. Parallel dishes contained excess (1 mg/ml) of unlabelled LDL for determination of non-specific binding. Binding incubations were terminated by washing (three times) with PBS containing 1 mM CaCl 2 , 1 mM MgCl 2 , 2 mg/ml BSA. Cell bound [I 125 ]-LDL per well was determined in a scintillation counter after solubilization in 0.1 M NaOH. Aliquots of cell lysates were taken for Lowry protein determination. Specific [I 125 ]-LDL binding was determined after correction for non-specific binding ([I 125 ]-LDL and data for saturation profiles of specific binding were analyzed by non-linear regression (Graph Pad Prism 4.0) to determine the maximal binding capacity (B max ) and the dissociation constant (K d ). We also performed Scatchard analysis of specific saturation binding data after transformation into plots of the ratio of membrane-bound to free lipoprotein versus membrane-bound lipoprotein.
For measurement of [Ca 2+ ] in HEK293 or L929 cells were seeded at a density representing 60% confluency onto glass coverslips coated with poly-D-lysine (Sigma) and cultured in DMEM without FBS overnight. Cells were incubated in DMEM containing 4 µM fura2/AM (Molecular Probes, Eugene, OR, USA) in the dark at 37
• C for 40-60 min, rinsed three times in HBSS buffer (130 mM NaCl, 5 mM KCl, 1.8 mM CaCl 2 , 1.0 mM MgCl 2 , 0.6 mM Na 2 HPO 4 , 0.4 mM, KH 2 PO 4 , 5 mM glucose, 20 mM HEPES-pH 7.4) and kept in the dark for 20 min to allow the cleavage of fura2/AM to the free fura-2 form. For [Ca 2+ ] in measurements coverslips were mounted on a record chamber (0.2 ml) and perfused with HBSS buffer at room temperature. The imaging system consisted of an Axiovert 200 Zeiss inverted fluorescence microscope and 20X/0.75 objective, a digital camera (CCD camera CoolSnap fx RoperSci Inc), a 175 W xenon lamp and a filter wheel (Satter, USA). Cells were alternately excited with 340 and 380 wavelengths; fluorescence emission was monitored at ∼505 nm. The fluorescence from 25-35 cells was simultaneously recorded. Cell images were produced at a rate of one image per 10 s. [Ca 2+ ] in data acquisition and computation were performed using the Metafluor Analyst program (Universal Imaging Corp., Downingtown, PA). The ratio of fura-2-Ca 2+ complex (fluorescence at 340 nm) to free fura-2 (fluorescence at 380 nm) was used to indicate relative [Ca 2+ ] in changes. Actual [Ca 2+ ] in values were calculated as described [22] . The calibration curves were generated using fura-2-loaded cells treated with HBSS (no CaCl 2 added) containing 5 µM ionomycin (Sigma), 10 mM EGTA (R min ). Next, the same cells were incubated in HBSS containing 5 µM ionomycin, 10 mM EGTA and 10 mM CaCl 2 (R max ). Correction for background fluorescence was made at the end of each calibration experiment in cultured cells using a saline containing 2 mM MnCl 2 , to quench Ca 2+ -sensitive Fura-2 fluorescence. The dissociation constant K d of the Fura-2-Ca 2+ complex was assumed to be 225 nM in the cytosolic environment [22] . Figures were prepared using Graph Pad Prism 4.0 software.
Migration assay
Migration assay was performed using a modified Boyden microchamber [23] . Membranes (8 µm pore size) (Neuro Probe Inc., Gaithersberg, MD, USA) were precoated with collagen I solution (50 µg/ml). Near-confluent cultures of L929 cells were collected by suspension in Versene solution, resuspended in DMEM, counted and seeded into upper wells of the chamber at equal density. The lower wells contained DMEM/0.1% BSA (control), DMEM/0.1% BSA containing LDL, or DMEM/0.1% BSA containing LDL pre-incubated with Fab fragments of goat antibody against LDL (100 µg/ml) for 1 h [14] . After overnight incubation at 37
• C in the CO 2 incubator the chamber was disassembled, cells on the upper side of the membrane were removed and cells that had migrated through the membrane were fixed and stained with Diff-Quik R Franklin Gothic Medium Staining Kit (Dade Behring GmbH, Marburg, Germany). The membrane was scanned and the intensity of spots was analysed using Scion Image software (Scion Corporation).
Statistics
All parameters were evaluated by the Student's t-test. p < 0.05 was considered statistically significant. Results are expressed as mean ± S.E.M. unless otherwise specified.
Results
Expression of T-cad and binding of LDL
T-cad expression in cell lysates from T-cad+ and mock cells of HEK293 and L929 cell lines was examined by immunoblot analysis (Fig. 1) . Only T-cad+ cells expressed T-cad ( Saturation binding studies using [I 125 ]-LDL were performed on intact cell cultures to determine whether cell surface T-cad can bind LDL. Binding of [I 125 ]-LDL was performed at 4
• C to minimize internalization [15] . Specific and saturable binding of [I 125 ]-LDL was observed for both mockand T-cad-transfected HEK293 ( Fig. 2A) and L929 (Fig. 2B) cells. The Scatchard plots of specific binding data for [I 125 ]-LDL in T-cad+ and mock cells were curvilinear, suggesting the existence of more than one binding site (not shown). Nonlinear regression analysis was applied to calculate the binding parameters for the high affinity and low affinity binding sites (Fig. 2) .
Induction of [Ca
To determine T-cad mediated intracellular signaling in response to LDL administration we tested the ability of LDL (at a single saturating concentration 60 µg/ml) to raise [Ca 2+ ] in in Fura-2 AM loaded HEK293 and L929 cell cultures. The fluorescence recordings presented in Fig. 3 (HEK293 cells) and Fig. 4 Figure 6 presents results of experiments, which assessed the role of T-cad in cell migration by chemotaxis assay using a Boyden chamber. T-cad+ and mock L929 cells were seeded into upper wells of the chamber at an equal density representing near-confluency. Spontaneous migration under control conditions (DMEM containing 0.1% BSA in the lower wells) was slightly, but not significantly, higher in T-cad+ compared to mock cells. Inclusion of LDL into the lower chamber increased cell chemotaxis in a dose-dependent manner (data not shown) and migration of T-cad+ cells was significantly ( p < 0.01) greater than of the mock cells ( Fig. 6 ; LDL at 60 µg/ml). For both T-cad+ and mock cells pre-incubation of LDL with Fab fragments of goat antibody against LDL abolished the chemotactic properties of LDL. Fab fragments alone did not affect cell migration. These data suggest that T-cad facilitates cell migratory responses to LDL.
Induction of migration by LDL
Discussion
Elevated serum LDL levels, which result in cholesterol accumulation in vascular wall, is widely accepted as a risk factor in atherosclerosis development [17, 18] . There is much evidence to indicate that LDL can stimulate a number of signaling events in a variety of cells by apparently endocytosis-independent mechanisms [27] [28] [29] . Functionally LDL has been demonstrated to activate macrophages [30] , promote platelet shape change and proaggregatory effects, stimulate surfactant secretion by alveolar type II cells [31] , promote VSMC migration and proliferation [32, 33] and to alter blood vessel tone via both endothelial-dependent mechanisms and direct action on vascular smooth muscle cells [34, 35] . The functional responses to LDL in VSMC occur concomitantly with a number of cellular events, including stimulation of phosphoinositide catabolism, phospholipase C activation and mobilization of [Ca 2+ ] in [20, 27, 29, 32, 33, 36] . These "hormone-like" responses elicited by LDL are rapid, dose dependent and saturable, indicating the involvement of specific receptor/binding sites in LDL-stimulated signal transduction Our early classical binding studies with labeled LDL on quiescent VSMC have shown two LDL-binding sites, namely the "classical" receptor (K d 1-2 µg/ml) and a novel low affinity binding site (K d 40-50 µg/ml) [15] . Ligand blotting techniques subsequently revealed a major LDL-binding protein with Mr 105/130 kDa from de-endothelialized human medial aortic membranes with properties distinct from the presently known types of lipoprotein receptors [14] [15] [16] . There was a close correspondence between the characteristics of low affinity LDL-binding and LDL-mediated signaling [14, 15, 37] . This novel LDL binding p105/130 protein was eventually identified as T-cad [16, 38] .
In this study we first stably transfected both HEK293 and L929 cells with T-cad cDNA and compared LDL-binding parameters in these cells with their respective mock-transfected controls. The Scatchard plot of binding data for [I 125 ] LDL in T-cad expressing and mock cells was curvilinear, suggesting the existence of more than one binding site. Non-linear regression analysis of saturation profiles for two-site model revealed a significantly increased B max of the low affinity binding site for T-cad+ cells compared to mock cells for both cell lines, and data on binding parameters correlate well with data obtained for the low affinity binding site in vascular smooth muscle cells [15] . Increased specific LDL binding on T-cad expressing HEK293 and L929 cells thus provides evidence that LDL is a specific ligand for T-cad. These results are in agreement with the previous studies on HEK293 cells where it was shown that T-cad expression increased LDL surface binding and this effect was abolished upon phosphatidylinositol-specific phospholipase C cleavage [39, 40] .
To determine whether binding of LDL by T-cad elicits an intracellular signaling response we compared mock and T-cad+ cells of HEK293 and L929 cell lines with respect to their Ca 2+ mobilization response to LDL. The maximal amplitude of [Ca 2+ ] in elevation was 2-3.5 fold higher in Tcad expressing cells compared to mock cells. [Ca 2+ ] in elevation was mainly due to mobilization of intracellular stores since it was also observed in Ca 2+ -free medium. The effect of LDL administration was totally abolished in the presence of CPA, which completely depletes intracellular Ca 2+ stores via specific inhibition of Ca 2+ -ATPase of the sarcoplasmic reticulum. These data indicate that binding of LDL by T-cad produces an intracellular signaling response (i.e. Ca 2+ mobilization) analogous to the specific receptor-mediated pathway(s) utilized by Ca 2+ -mobilizing hormones. One might thus speculate that alterations in cellular expression of T-cad might influence the status of cellular Ca 2+ -signalling independently of changes in serum LDL concentrations.
The in vivo role of T-cad-associated LDL-induced Ca 2+ -signaling in the cardio-vascular system, where T-cad is upregulated in vascular cells under pathological conditions [8, 10] , is unknown. However, several important disease states such as hypertension, heart disease, diabetes and others result from abnormal Ca 2+ -signaling. A broadening or increase in the amplitude of the Ca 2+ -spikes enhances the extent of the Ca 2+ -pulse, which over time could stimulate a distinct program of gene transcription and result in cardiac hypertrophy [41] . During the onset of congestive heart failure the amplitude of Ca 2+ -spikes is much reduced due to downregulation of β−adrenergic signaling system and declined activity of SERCA pumps (sarco(endo)plasmic reticulum Ca 2+ -ATPase) [41] .
This study also demonstrates that LDL can induce a T-cad dependent functional cellular response, namely cell migration. Boyden chamber assay showed that T-cad expression in L929 cells facilitates spontaneous cell migration and that the LDL-induced migration of T-cad+ cells was significantly greater than of the mock cells. A role for T-cad in regulation of migration is supported by in vitro data on polarization of T-cad to the leading edge of migrating HUVEC and VSMC in the experimental wound model [19] . The apical cell surface distribution of T-cad as shown in vivo for chick intestinal epithelium chick and in vitro for polarized T-cad transfected MDCK cells was proposed to possibly endow T-cad with recognition functions [42] .
Thus in the context of its ability to bind LDL physiologically T-cad might function as an extracellular sensory receptor mediating LDL-dependent cell signaling and cell migration. A potential sensory-signaling function for T-cad is further supported by its presence in membrane "raft" domains [43] . GPI-anchored proteins, which are present in membrane domains (rafts) enriched in signaling molecules, are increasingly being recognized to be involved in numerous intracellular signalling pathways such as Ca 2+ signalling or tyrosine phosphorylation [44, 45] . Further studies should address which "adaptor molecules" might be recruited in response to the binding of LDL by T-cad and which downstream pathways lead to modulation of LDL-T-cad dependent cell migration.
